Absrracf-The radiation field of a small monopole over a ground plane covered with a uniaxially anisotropic plasma with an arbitrary inclination of the optical axis is studied. A steepest descent evaluation of the field integrals has been performed under the elliptic condition, and some calculated power patterns have been studied in comparison with those for a small dipole in an unbounded uniaxially anisotropic plasma. For an arbitrary inclination of the optic axis, considerable differences between the power patterns of the two configurations have been observed. Lateral waves and concentrated field regions are found to occur from mode coupling at the surface of the ground plane.
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I. INTRODUCTION
ADIATION from sources in a finitely extended anisotropic plasma is of interest for studying the effects of scattering by obstacles and inhomogeneities. Abrupt changes of medium properties at these discontinuities can create mode coupling, lateral waves, focusing by ray crossing, etc., causing instabilities and intermodulation of waves propagating in the medium. These instabilities can cause plasma heating and are of interest for a plasma heating project. Studies of these problems are also of interest in mineral exploration, ionospheric research, and crystal optics. Sources over a conducting earth have a long historical background [ 1 1. In the early stages of research on wave propagation in anisotropic media, reflections at stratified layers were studied by Budden [ 
THE FIELD INTEGRALS
Let us first formulate the field integrals in a generalized manner and then restrict the analysis to the uniaxial approximation. We consider a z-directed elementary current source J = 6(x)6(y)6(z -z0$ over a ground plane coinciding with the xy-plane of a rectangular coordinate system as shown in v X v X @(r; ro) -k o 2 W ( r ; ro)
subject to the boundary condition at the surface of the ground plane and an energy radiation condition. Here G P ( r ; ro) and GS(r) stand for the primary and the secondary solutions, respectively, ko is the free space wavenumber and { is the relative permittivity tensor of the anisotropic plasma. ro and r correspond to the source and observation points respectively.
A time dependence exp (jar) is suppressed.
If the z-directed wavenumbers of an elementary plane wave e -i k 1 x p i k 2 Y -1 k 3 z are prescribed for the two characteristic modes, then the integral solution can be obtained in a straightforward manner. The arbitrary inclination of the static magnetic field an'd the presence of the boundary at z = 0 require that the anisotropy of the plasma be described in the syz-system, which is a transformed form of the conventional dielectric tensor with reference of the x'y'z'-system and involves all nine of the elements [ 251. As a result, the dispersion equation to be solved for the z-directed wavenumbers is a Booker's quartic of the form Pk34 + Q k 3 3 + R k 3 2 + S k , 4-T = 0.
Suppose k3 1' and k32' are the two pairs of roots for the forward and backward traveling 0-mode and the X-mode. respectively. Then it can be checked that k 3 , + # -k 3 andkj2' f -k 3 2 -> indicating a lack of propagation symmetry along the z-axis. With a knowledge of k , ' and k32' ~ the integra] ~0 1~- tion is given by the plane wave spectra of the two characteristic modes where el and e3' are the diagonal elements of a standard dielectric tensor of a cold gyroplasma with the collision term neglected. The complex functions X , Y , and Z are the elements of the third column of the inverse wave matrix and these elements appear appropriately for a z-directed source. D l and D2 are the characteristic functions of the two modes:
The reflection coefficients A and B for the two modes are obtained by satisfying the vector Dirichlet's boundary condition at the surface of the ground plane where In the above R 1 , R 2: R 2 1 , and R 2 2 correspond to the coupling coefficients respectively for the 00, X O , O X , and XX-modes in the secondary field. Here 00 indicates a reflected 0-mode for an incident 0-mode. Similarly X 0 indicates an 0-mode reflected for an incident X-mode and so on. In the integral solution given above, the radiation condition is satisfied because the integration path has been so chosen that the waves are diverging from the source. In the secondary field waves are continuously emanating from the ground plane. The energy decay condition is satisfied if Im (k3 ,32') < 0, z > zo and A qualitative picture of radiation can be obtained by ray tracing on the refractive index surfaces typical of the medium.
It can be shown that for an arbitrary inclination of the static magnetic field, the reflection at the surface of the ground plane is nonspecular, and the coupling of the two modes causes ray crossing, focusing, and lateral waves. However, due to the various curvatures and open branches of the refractive index surfaces, a quantitative approach to the radiation mechanism of the problem is formidable. For a preliminary insight into the radiation mechanism we therefore apply the uniaxial approximation which, however, strictly corresponds only to a static magnetic field on infinite strength. In this case, the quantities are determined using the following relations: The contribution from the two-dimensional saddle points is el sin2 e + e3' cos2 e 3 2 ' -k 3 1 C ) ( k 3 2 ' -k 3 1 -) -
and by factoring out k o 2 k l ( E l -e3 ' 2
) from the numerators and the denominators. 
ASYMPTOTIC EVALUATIONS AND THE RADIATION PATTERN OF A SMALL MONOPOLE

€ 3
With the uniaxial approximation, while simple closed form expressions can be obtained for the primary field, no such simple evaluation is possible for the secondary field excluding the cases of ordinary mirror reflections. A part of the secondary field can be obtained in closed form [ 171 by writing the fields in terms of scalar and vector potentials related by a gauge con-
However, the vector potential remains complicated. Let us apply the steepest descent method to obtain the asymptotic field. The four modes in the secondary field can be classified as 0-modes and X-modes when the observation point is many wavelengths away from the source such that the source functions k 3 l f z 0 and k 3 2 *~0 are slowly varying functions of the distance of observation. The integrands in the double Fourier integrals cannot be expressed as functions of ( k 1 2 + k 2 2 ) ' / 2 unless 0 = 0' so that it is not possible t o convert them into single integrals using Bessel's functions. A steepest descent evaluation of these integrals requires evaluation at two-dimensional saddle points such that the phase is minimum with respect to both k l and k 2 . The pertinent saddle points are for the 0-mode:
and for the X-mode:
calculated as w h e r e k 3 = k 3 1 , 3 2 + a s g i v e n i n ( 9 ) a n d ( 1 0 sgn -= -1 SO that the contribution to the phase from the steepest descent path is eFJni2. Consequently the various wave functions are obtained as follows.
In the primary field:
y' = y COS e -z sin e, Z' = z COS e + y sin e .
In the secondary field: 00 +. in the yzplane. The dotted curves refer to a small dipole patterns with similar parameters in an unbounded uniaxial medium using the well-known field solution obtained by Clemmow [ 291. The resultant 0-mode and the resultant X-mode patterns have been shown separately. The illustrated patterns have been obtained by normalizing the actual patterns by the pattern maximum under free space conditions. The differences between the solid and the dotted curves indicate that the ground plane of the monopole, despite its infinite extent and perfect conductivity, is not working as an ordinary plane mirror. In the yz-plane, the resultant 0-mode of both configurations has negligible amplitude compared with the X-mode and therefore has not been shown. However, in all other vertical planes passing through the monopole axis it can be observed that considerable power is radiated from the monopole through the 0-mode. This is especially true, for example, in the xz-plane (Fig. 4) for some inclinations of the optic axis. It can be found that in all vertical planes passing through the monopole axis, the monopole 0-mode beam directions are symmetrical about its axis. This is not necessarily the case with the dipole 0-mode patterns. The elevation of the 0-mode beam directions has some analogy with the case of a monopole over a finite size ground plane in an isotropic medium. Another interesting feature of the monopole patterns is a null at the surface of the ground plane for an arbitrary inclination of the optical axis. Such A physical explanation of the monopole radiation mechanism can be given by ray tracing on the wavenumber surfaces. Fig.  5 indicates the incident and reflected ray configurations over a section of the wavenumber surfaces taken in the k , ks-plane on which the xi-plane has been superimposed. It can be observed that an incident ray 0 gives an 00 and OX ray in the upper half of the diagram. Similarly an incident ray X gives X 0 and XX rays. As this ray tracing has been performed by the phase matching method (the dotted perpendiculars indicate the planes of phase matching), an isometric view of these rays over the ground plane will establish the laws of reflection as indicated in Fig. 6 . The angles of incidence and reflection can be readily obtained from the angles subtended by these rays with the z-axis. It can be observed that corresponding to a certain 0-incidence the OX ray has greater angle of reflection than the 00 ray. As a result, there is a critical angle Oc' of 0-incidence for which the OX ray becomes a laterally propagating ray which in turn sheds energy back into the medium as X 0 rays. This indicates a lateral wave phenomenon as can be observed from Figs. 5 and 6. Corresponding to this critical 0-incidence the observation point at e(.' = sin-' -1 measures very strong radiation from the source. These lateral waves correspond t o a branch point singularity at a k 1 2 + b k Z 2 = dko2 from which 0,' can be calculated by means of the 0-mode saddle points. However, a field infinity cannot be observed at this point of observation because the numerator of the coupling coefficient R 1 2 also vanishes at this point giving an indeterminate form which is efficiently evaluated by a digital computer to give a finite value of the field. The "XO-asymptotes" in Fig. 5 indicate the directions of the strong field behavior and also indicate the restricted zone for the XO-rays. The appearance of these asymptotes indicates the existence of a conical surface of concen- trated field around the monopole. The cross section of the cone is an ellipse given by ,x2 + by2 = constant. When the optic axis lies inside or in the vicinity of this cone, a rather sharp radiation pattern is formed by the resultant 0-mode. Since the XO-mode has its beam direction along the asymptotes and 0 -I-00-modes along the ground plane, the resultant 0-mode beam direction is formed along On,': e(.' < Oln' < 90°, thereby exhibiting a null at the surface of the ground plane. A different type of wave such a lateral wave or a surface wave will propagate in these null directions. Under isotropic conditions over an imperfect earth similar nulls can be observed in the calculations of Parhami and Mitrra [ 3 0 ] . However, in the present case the possibility of a surface wave has been precluded with the uniaxial approximation from which only a lateral wave corresponding t o a branch point singularity can be predicted. A similar ray tracing on the wavenumber surfaces under hyperbolic conditions indicates that lateral waves can propagate along the ground plane with a wavenumber k,& if the optic axis is arbitrarily inclined.
IV. CONCLUSION
Radiation from a small monopole in a uniaxially anisotropic plasma half-space has been studied for an arbitrary inclination of the optic axis. The time harmonic field solution involving double Fourier integrals has been asymptotically evaluated for a lossless elliptic condition. Some numerical power patterns have been illustrated and studied in comparison with patterns of small dipoles in unbounded uniaxially anisotropic plasma. Considerable differences between the power patterns of the two configurations have been observed. These differences indicate that despite its infinite extent and infinite conductivity, the ground plane of the monopole does not behave as an ordinary plane mirror for an arbitrary inclination of the optic axis. The monopole has been found to radiate considerably into the ordinary electromagnetic waves. This is attributed to lateral waves propagating along the ground plane and shedding energy back into the medium. The coupling of the two characteristic modes at the surface of the ground plane can create concentrated field regions around the monopole.
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